A floating gate memory structure utilizing Ge nanocrystals embedded in LaAlO 3 ͑LAO͒ high-k dielectric films has been fabricated by pulsed-laser deposition. A cross-sectional high-resolution transmission electron microscopy study revealed that the floating gate structure contains 5-nm-diam spherelike Ge nanocrystals embedded in amorphous LAO. A significant memory effect with a very high density of charge storage up to 2 ϫ 10 13 /cm 2 in the Ge nanocrystals and a maximum flat band voltage shift of 3.2 V have been achieved for the trilayer structure of LAO͑8 nm͒ / Ge/ LAO͑3 nm͒ / Si. The memory structure utilizing the Ge nanocrystals grown in 1 min showed excellent charge retention characteristics, whereas the decay in memory capacitance after 10 4 s of stress under a flat band voltage was only 8%. These results suggest that this memory structure utilizing Ge nanocrystals embedded in a LAO dielectric offers a high potential for the further scaling of floating gate memory devices. In addition, the effects of Ge growth time, and thus the size and density of the Ge nanocrystals, to the charge storage and charge retention characteristics were also studied. Metal-oxide-semiconductor ͑MOS͒ memory structures based on Si quantum dots or nanocrystals have recently attracted a great deal of interest due to the physical phenomena and potential applications in scaled flash memory. [1] [2] [3] [4] In this kind of memory structure, Si nanocrystals are embedded as charge-storage nodes in an oxide layer between the control gate and the tunneling layer, which can reduce the problem of charge loss encountered in conventional flash memories. It allows thinner injection oxides and, hence, smaller operating voltages, better endurance, and faster write/erase speeds.
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Metal-oxide-semiconductor ͑MOS͒ memory structures based on Si quantum dots or nanocrystals have recently attracted a great deal of interest due to the physical phenomena and potential applications in scaled flash memory. [1] [2] [3] [4] In this kind of memory structure, Si nanocrystals are embedded as charge-storage nodes in an oxide layer between the control gate and the tunneling layer, which can reduce the problem of charge loss encountered in conventional flash memories. It allows thinner injection oxides and, hence, smaller operating voltages, better endurance, and faster write/erase speeds.
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The memory function of these devices has been attributed to the charge exchange between the nanocrystals and inversion layer. Most quantum dot flash memories use Si nanocrystals to replace the continuous floating gate layer. However, research results in several groups have demonstrated the superior properties of Ge-based nanocrystal memories over those based on Si. [4] [5] [6] The Ge nanocrystals offer improved nonvolatile charge retention time due to their smaller band gap. The smaller band gap provides both a higher confinement barrier for the retention mode and a smaller barrier for the program and erase modes. Various methods of fabrication have been reported to form the Ge dot, such as implantation of Ge ions in SiO 2 , 7 the sputter deposition of Ge on the Si substrate, 8 and the rapid thermal annealing of chemical-vapordeposited Ge layers. 9 Pulsed-laser deposition ͑PLD͒ has also proven to be very successful in the fabrication of complex oxide materials, and is also effective in the growth of Ge nanocrystals.
High-k gate dielectrics have been extensively investigated for replacing SiO 2 in future MOS field effect transistors ͑MOSFETs͒. [10] [11] [12] In recent studies, high-k gate dielectrics were also used as the control and tunneling oxide layers in floating gate memory structures, 9,13-15 which allow for a thinner equivalent oxide thickness ͑EOT͒ without sacrificing nonvolatility. Furthermore, the thicker physical thickness of the high-k dielectrics ensures good retention characteristics, while due to the unique band alignment of the high-k dielectric with Si, a lower electron barrier height allows high currents across the tunneling oxide to be obtained at a low control gate voltage during the programming. As one of the potential high-k gate dielectrics to replace SiO 2 , LaAlO 3 ͑LAO͒ has been extensively studied because of its many advantages such as a medium dielectric constant, a high band offset with Si, and good thermal stability when in contact with Si. [16] [17] [18] Furthermore, it exhibits good process compatibility with the current standard complementary metal-oxide semiconductor ͑CMOS͒ technology. 19 In this Letter, LAO is used as the control and tunneling oxide layers in the trilayer memory structure of LAO/ Ge/ LAO/ Si fabricated by PLD.
After wet-chemical cleaning, the p-type ͑100͒ Si substrate with =4ϳ 6 ⍀ cm was dipped into an HF ͑10%͒ solution for 60 s to remove the amorphous SiO 2 layer from the silicon surface, leaving a hydrogen-terminated surface. The Si substrate was then immediately moved into the PLD chamber with a maximum base pressure of 2 ϫ 10 −5 Pa. Before the film deposition, the substrate was heated to 400°C. Then, oxygen ambient was introduced until the pressure in the chamber reached 0.2 Pa and the deposition was started. First, a very thin LAO layer was deposited at 400°C as the tunneling oxide. After the deposition of the tunneling oxide, Ge nanocrystals were deposited in a 1 ϫ 10 −4 Pa vacuum. Finally, the trilayer memory structure was built by the deposition of another thicker layer of LAO onto the Ge nanocrystals as the control oxide layer. The sample was in situ annealed in pure N 2 ambient at an elevated temperature of 750°C for 30 min. Pt top electrodes with an area of 3.14 ϫ 10 −4 cm 2 were deposited on the surface of the samples using a shadow mask to fabricate the MOS memory structures. The hysteresis loop and the charge retention characteristics of the MOS capacitors were evaluated by capacitancevoltage ͑C-V͒ measurements with an Agilent 4294A impedance analyzer at room temperature. The cross-sectional structures of the trilayer memory stack were characterized by high-resolution transmission electron microscopy ͑HRTEM͒. Figure 1 shows the typical high-frequency C-V curves of two MOS capacitors with and without Ge nanocrystals. In the sample with Ge nanocrystals, the thicknesses of the control and tunneling oxide layers are about 3 and 8 nm, respectively, and the time of Ge nanocrystals deposition is 1 min. It can be seen that the sample with Ge nanocrystals exhibits an anticlockwise C-V hysteresis loop and a very large flat band voltage shift of 3.2 V. By contrast, the control sample without Ge nanocrystals shows no obvious flat band voltage shift, suggesting that the large memory effect observed in the sample containing Ge nanocrystals is produced by the charges stored in the Ge nanocrystals. Generally, the hysteresis may be introduced by the mixed effects of injected charges stored in the nanocrystals, essential trap charges existing in the oxide or interface states. 15 Since the processes for fabricating the two samples are the same except for the Ge nanocrystals, the hysteresis effect produced by the essential trap charges and interfacial states should be the same for the two samples, and can, therefore, be ruled out. It is also worth noting that the equivalent oxide thickness ͑EOT͒ to SiO 2 of the memory structure is calculated to be 3.3 nm, for a total oxide thickness of 11 nm of the structure. This will be beneficial for the integration of this large memory structure into smaller scale devices. Figures 2͑a͒ and 2͑b͒ show the cross-sectional HRTEM images of the trilayer memory structures with 1-and 2-min Ge deposition, respectively. The Ge nanocrystals embedded in LAO can be clearly seen between tunnel oxide and control oxide, and the shape of the Ge nanocrystals is almost spherical. The diameters of the Ge nanocrystals are approximately 5 and 7.5 nm, respectively, for 1-and 2-min deposition of Ge. Based on the C-V results shown in Fig. 1 , the maximum stored charge density can be up to 2.06ϫ 10 13 /cm 2 , as estimated by the formula given by Tiwari 1 and Kim et al., 5 which is large enough to meet the requirements of the future flash memory application. In order to investigate the relation between the storage charge density, and thus the flat band voltage shift, with the nanocrystal density embedded in the oxide layer, we also deposited Ge nanocrystals for a longer time of 2 min, expecting a larger density of Ge nanocrystals. The C-V hysteresis curves of the samples with 1-and 2-min Ge depositions are shown in Fig. 3 , where large hysteresis loops can be observed for both samples, indicating a strong charge storage effect in them. But contrary to expectations, the flat band voltage shift for the sample with a longer Ge deposition time of 2 min is only 1.2 V, which is much smaller than that of the sample with a 1-min Ge deposition ͑3.2 V͒. We speculate that this decrease in the flat band voltage shift for the longer Ge deposition sample is due to the decrease in the nanocrystal density in the sample. As can be seen from Fig. 2͑b͒ , the Ge nanocrystals deposited for 2 min resulted in a more continuous Ge layer with a larger grain size and a shorter space between the grains, and thus a smaller density of Ge nanocrystals. Therefore, if one Ge nanocrystal stores only one electron, the storage charges decrease with the decrease in the density of the Ge nanocrystal. So the flat band voltage shift decreases for the sample with the 2-min Ge deposition.
The memory data retention characteristics at room temperature for the trilayer memory capacitors were also studied. The memory capacitors were first charged for 15 s at a bias voltage of 10 V. Then, the capacitance decay measurement was carried out under a −1 V bias voltage. Figure 4 shows the normalized capacitance-time ͑C-t͒ curves of the samples with a 1-and 2-min Ge deposition. It can be seen that after 10 4 seconds of stress, the decayed capacitance for the memory capacitor with a 1-min Ge deposition is only 8%, suggesting very good charge retention characteristics. However, for the sample with a 2-min Ge deposition, rapid 20 According to the HRTEM results in Fig. 2 and the discussion of the results illustrated in Fig. 3 , the Ge layer in the sample with a 2-min Ge deposition is more continuous than that of the sample with an 1 min Ge deposition. If the fast decay in our samples is due to the lateral charge leakage, the sample with a more continuous Ge layer should have a larger lateral charge leakage and thus worse charge retention characteristics. As can be seen from Fig. 4 , the sample with a 1-min Ge deposition has better charge retention characteristics than the sample with a 2-min Ge deposition. This experimental result is consistent with the mechanism of lateral charge leakage, suggesting that the lateral channels exist inside the Ge layer, leading to charge leakage and thus to the fast decay of the capacitance of the memory capacitor. The later slow decay may be due to the electron tunneling back to the channel via the tunneling barrier.
In summary, the trilayer memory structure of Ge nanocrystals embedded in a LAO high-k dielectric was fabricated and characterized. High-density Ge nanocrystals with a diameter of around 5 nm were fabricated by pulsed laser deposition. Good performances in terms of charge storage and data retention were observed for this trilayer memory structure. The memory capacitor with a 1-min Ge deposition has better charge retention characteristics and a larger hysteresis loop width than the memory capacitor with a 2-min Ge deposition. The fast capacitance decay in the memory structure may be mainly due to the lateral charge loss. 
